The high-performance separation of alkaline earth and transition metal ions on a bare porous silica 10.0 cm × 0.46 cm monolith (Merck Chromolith Si) was achieved using solvent enhanced ion chromatography. Using acetonitrile or methanol based ammonium and sodium acetate buffered mobile phases, the effect upon cation retention of mobile phase ionic strength, organic content and pH were evaluated. Increasing mobile phase acetonitrile concentration from 60 to 80% acetonitrile resulted in 10-15-fold increases in cation retention due to reduced hydration of the metal ions and hence enhanced ion-exchange interactions with surface silanol groups. The optimised conditions for the separation of Cu(II), Cd(II), Ni(II), Co(II) and Mn(II) were found to be 80% MeCN with 10.3 mM ammonium acetate (pH 4.6). Detection of transition metal ions was obtained using post-column reaction with 4-(2-pyridylazo) resorcinol and absorbance at 510 nm. Under elevated flow conditions (up to 5 mL/min), total runs times could be reduced to under 4 min. Optimum peak efficiencies were seen at flow rates of between 1.5 and 2 mL/min and were equivalent to an average efficiency of 25,000 N/m.
Introduction
Since the first paper describing the application of porous silica rods for HPLC was published by Tanaka and co-workers [1] , scientists have been motivated to study their performance and possible application [2] . The unique properties of monoliths, in particular their tolerance to high flow rates whilst maintaining excellent peak efficiencies, and the rapid speed of chromatographic separations that can be achieved at acceptable backpressures, make the monolithic column format more suitable to some applications than commonly used micro-particulate packed columns. However, due to the fact that monolith column technology is still relatively new, the number of different stationary phase chemistries and separation modes remains much smaller than that available for packed columns. In particular, both polymer and * Corresponding author. Tel.: +353 1 7005060; fax: +353 1 7005503.
E-mail address: Brett.Paull@dcu.ie (B. Paull). silica based monolithic columns have overwhelmingly been applied to reversed-phase separations only, and have received less attention in other modes of LC, including ion exchange and ion chromatography (IC). However, a limited number of research groups have recently been exploring the potential use of monolithic phases for rapid high-performance separations of smaller ionic species with some considerable success, including application to separations of inorganic anions and inorganic cations [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . The majority of these early studies have used liquid ion-exchangers dynamically coated onto reversed-phase monoliths [3] [4] [5] 7, 10] , although a few papers have now appeared describing covalently bonded ion-exchangers based upon monolithic supports [6, 11, 12] and even agglomerated porous monolithic substrates [8, 9] . An early review of all of the above work, describing new possibilities in ion analysis using monolithic columns has recently been compiled [13] .
In a recent study, Pack and Risley described the use of a bare silica porous monolith to separate a number of alkali metal cations using an ammonium acetate buffer mobile phase containing up to 90% acetonitrile. Detection was achieved using evaporative light scattering detection (ELSD) and the technique was applied to the determination of alkali metal counter ions in a number of pharmaceutical preparations [14] . The authors described the separation as being based upon hydrophilic interaction chromatography (HILIC). The term hydrophilic interaction chromatography has been assigned to LC that is based upon the use of polar stationary phases with less polar mobile phases. Usually, the HILIC mobile phase contains a high percentage of an organic solvent, typically 60-90% acetonitrile and a 10-40% water or aqueous buffer. Under these conditions the role of weak interactions like dipole-dipole, ion-dipole and hydrogen bonding between the analyte and stationary phase is remarkably enhanced and results in stronger retention of polar solutes. Theory of HILIC also states that retention can be governed through the partition of polar analytes into an enriched stagnant water layer on the stationary phase surface. Through increasing the organic content of the mobile phase, this partition coefficient is increased for polar solutes, resulting in increased retention [14] . The retention behaviour seen with HILIC is the opposite to that of reversed-phase liquid chromatography and similar to normal phase selectivity, although the high water content of the mobile phase means improved solubility for polar analytes. To-date HILIC has seen most application to small charged biomolecules.
In the case of the separation of small ions on polar stationary phases, as in the experiments described by Pack and Risley using porous monolithic silica [14] , the above explanation of retention behaviour may not be entirely suitable. Pack and Risley showed that retention of the alkali cations was dependent upon % organic solvent, ionic strength and mobile phase pH. The effect of increasing ionic strength of the mobile phase was to decrease retention, clearly due to weak ion-exchange interactions with the surface silanol groups. In addition, an increase in mobile phase pH, over the range 3.5-6.5, saw a subsequent increase in retention, presumably again due to the dissociation of surface silanol groups. This was the basis of the assumption that the retention mechanism was based upon HILIC.
However, retention of alkali and alkaline earth metal ions on bare silica supports has been shown in many previous studies [15] [16] [17] [18] [19] [20] [21] . In these cases, weak ion-exchange interactions were responsible for ion retention. Under conditions of high concentrations of organic solvent within the mobile phase such interactions will become stronger due to a reduced number of waters of hydration associated with the ion. This effect is commonly seen within inorganic ion exchange [18, 19, 22] . In cation exchange, increasing mobile phase organic solvent content has been shown to cause significant changes. The exact effect depends on the dielectric constant of organic solvent and its ability to form hydrogen bonds. For example, the increase of alcohol content in the mobile phase has actually been shown to cause a decrease in retention times of alkali and alkaline metal cations on silica, due to interactions with silanols groups and a corresponding decrease in its ion-exchange capacity [20] . Alternatively, an increase of acetonitrile content in water based mobile phases has been shown to produce the opposite effect of increasing retention [18, 19] . With this in mind, it is therefore proposed here that what was actually observed by Pack and Risley [14] was in fact solvent enhanced ion-exchange interactions and, correspondingly the separation mode is solvent enhanced ion chromatography (SEIC) rather than HILIC.
In the work presented here, the solvent affect described by Pack and Risley [14] is investigated further through application to alkaline earth and transition/heavy metal cations. The ability to efficiently and rapidly separate the full suite of common transition and heavy metal cations is still a challenging task and the ability to utilise simple silica monoliths for this purpose has clear advantages [23] .
Experimental

Chromatographic conditions
A Dionex Model GPM2 Gradient Pump Module (Sunnyvale, CA, U.S.A.) was used to deliver the eluent (1.0-4.0 mL/min). An automated injection value, fitted with a 20 L injection loop was used for the introduction of standards. A PEEK lined bare silica monolithic column (Performance SI) of 10 cm in length and 4.6 mm i.d. was purchased from Merck KGaA (Damstadt, Germany). According to the manufacturer the silica monolith had a surface area of 300 m 2 g −1 , with a 2 m macroporous and 13 nm mesoporous structure. A pressure driven Dionex Reagent Delivery Module was used for the introduction of the PCR, which was mixed at room temperature with the eluent using a 0.5 m PEEK reaction coil, 0.25 mm i.d. (the 0.5 m reaction coil was required to ensure adequate mixing of the eluent and PCR at elevated flow rates). An applied Biosystems 400 Solvent Delivery System (Foster City, CA, U.S.A.) was used to deliver the PCR when eluent flow rates greater than 3 mL/min were employed. A 1050 series, Hewlett-Packard UV-vis detector (Palo Alto, CA, U.S.A.) was used to monitor the resultant chromatograms. When working with eluent flow rates >3.5 mL/min, a Waters Model 600E Multisolvent Delivery System (Waters, Milford, MA, U.S.A.) was used as the eluent delivery system, and a Schimadzu Model SPD-6AV UV-vis detector (Kyoto, Japan) was used to monitor the resultant chromatograms. Data acquisition was at a rate of 10 Hz with processing of chromatograms performed using a PeakNet 6.0 chromatography workstation (Dionex).
Reagents
Acetonitrile, methanol (HPLC grade, LabScan Ltd., Stillorgan Ind. Park, Dublin), ammonium acetate, sodium acetate (Aldrich Chemicals Ltd., Gillingham, UK) and glacial acetic acid (Merck KGaA) were used to prepare the required eluents. All eluents and standard solutions were prepared using deionised water from a Millipore Milli-Q water purification system (Bedford, MA, U.S.A.), and were filtered through a 0.45 m filter and degassed by sonication. The PCR reagent used for the detection of transition metals consisted of a mixture of 0.4 mM 4-(2-pyridylazo) resorcinol (PAR, purchased form Sigma-Aldrich, Gillingham, UK) and 0.5 M ammonia (BDH Laboratory Supplies, Poole, England), adjusted to pH 10.5 (monitored at 510 nm). For the detection of alkaline earth metals the PCR reagent used was 0.4 mM o-cresolphthalein complexone (o-CPC, Sigma-Aldrich), 0.25 M boric acid (Sigma-Aldrich, Tallaght, Dublin, Ireland) adjusted to pH 10.5 with 1 M NaOH (monitored at 570 nm). Low-level standard solutions of metal cations were generally made up freshly each day from stock solutions (1000 ppm). Mg(II), Ca(II), Sr(II), Ba(II), Mn(II), Co(II), Ni(II), Cd(II), Zn(II) and Pb(II) standards were prepared from their chloride salts (Sigma-Aldrich) and Fe(II) and Cu(II) standards were prepared from their sulphate salts (Sigma-Aldrich).
Results and discussion
Alkaline earth metals-organic solvent and buffer effects
Initial experiments were performed to extend the work of Pack and Risley to include alkaline earth metal ions [14] . Therefore, using an acetic acid/ammonium acetate buffer within an acetonitrile based mobile phase, the effect upon selectivity of varying the buffer concentration within mobile phases of varying % acetonitrile was investigated. The acetonitrile was varied from 60 to 80% (n = 3), whilst the ammonium acetate buffer concentration was varied from 10.5 to 42.1 mM (n = 4), 7.8 to 31.3 mM (n = 4), 5.2 to 20.6 mM (n = 4), for 60, 70 and 80% acetonitrile, respectively. For each mobile phase prepared, the pH was constant at 4.6. Table 1 show the retention data obtained, together with the slope and correlation coefficient data for the dependences of log k from the log of the buffer concentration, [E] . As can be seen from Table 1 , a linear relationship between log[E] and retention was evident with each % of MeCN, and in general the slopes for all four alkaline earth metals did not vary significantly, and so no noteworthy selectivity changes were seen.
The data shown in Table 1 show considerable increases in retention for all four cations with increasing mobile phase % MeCN. Ten to 15-fold increases in retention factors (k) can be seen with an increase in % MeCN from 60 to 80%. A number of studies have investigated the effect upon ion exchange of increasing the organic character of the mobile phase on inorganic ion-exchangers [14, [18] [19] [20] 24] . These studies conclude that the degree of hydration of the analyte and eluent ions has a major influence upon selectivity, and that by including organic solvents within the mobile phase, both ions in solution and fixed ion-exchange sites within the stationary Table 1 Retention data for alkaline earth metal ions on a 10 cm bare silica monolithic column using an acetonitrile mobile phase containing ammonium acetate buffer-(pH 4.6) phase will lose waters of hydration. In addition, selectivity will also be much affected by the extent of hydrogen bonding of the solvent molecules with surface silanol groups. In most cases, reduced hydration results in enhanced analyte ion interaction with the stationary phase exchange sites and thus increased retention. The exact nature of this effect would depend upon the relative solvation of the analyte and eluent ions and the nature of the organic solvent, namely its dielectric constant. Solvents that exhibit strong hydrogen bonding properties should result in a relatively smaller retention increase or even decrease compared to solvents that do not exhibit such properties. At 60 and 70% MeCN, the retention order shown with the MeCN mobile phase was typical of that seen with ionexchange, namely Mg(II) < Ca(II) < Sr(II) < Ba(II). However, at 80% MeCN Mg(II) was retained for slightly longer than Ca(II). Apart from the above change in retention order, the mobile phase MeCN concentration also had relatively little effect upon individual cation selectivity, with relative retention of all metals increasing at a roughly equal rate. Fig. 1(a) shows the overlay of three chromatograms of Mg(II), Sr(II) and Ba(II) standards obtained with a 70% MeCN mobile phase at an acetate buffer concentration of 31.3 mM (pH 4.6), delivered at a flow rate of 1 mL/min. Clearly, although peak shapes for Mg(II) and Ba(II) are good, Ca(II) and Sr(II) exhibited peak splitting, and under the conditions shown Ca(II) co-eluted with Mg(II). The close selectivity exhibited for Ca(II) and Mg(II) under different mobile phase conditions was unexpected, particularly when compared to previous studies on silica gel columns [20, 21] , although in most previous studies complexing eluents have been used which obviously affect the observed selectivity.
pH effects
Using a 70% MeCN mobile phase with an ammonium acetate buffer concentration of 23.4 mM, the effect upon retention of varying mobile phase pH from 4.6 to 5.55 (n = 3) was investigated. The results are included in Table 2 . As expected, over this pH range retention times for all four cations increased and it was observed that at the higher pH values the partial separation of Ca(II) and Mg(II) was Flow rate = 1 mL/min and column temperature = 20 • C. now possible, although the peak shape for Mg(II) was poor ( Fig. 1(b) shows overlays of chromatograms from mixed standards obtained with a 70% meCN mobile phase containing 23.4 mM buffer at pH 5.55, run under an elevated flow rate of 4 mL/min). A small degree of peak splitting was now noted for all four peaks. In an attempt to eliminate this unusual peak splitting, increased buffer concentrations were investigated. Using an 80% MeCN mobile phase, the overall buffer concentration was increased to 41.2 mM (pH 4.9). Under these conditions the peak splitting evident at lower buffer concentrations was no longer apparent, although under these conditions Ca(II) and Mg(II) co-eluted once again. Keeping these mobile phase % MeCN and buffer concentrations constant but increasing pH up to 5.94, improved the separation whilst maintaining acceptable peak shapes and retention times (data included in Table 2 ). Fig. 1(d) shows overlaid chromatograms for standard solutions of Mg(II) and Ca(II) with the high buffer concentration adjusted to pH 4.9 (peaks co-elute at 7.5 min) and then pH 5.94 (peaks eluting at 12.7 min-Ca(II) and 13.5 min-Mg(II)). As can be seen from Fig. 1(d) peak shapes are no longer split at higher buffer concentrations, even at increased retention times, although obviously the column selectivity for Ca(II) and Mg(II) is still very similar.
Alternative buffer
The ammonium acetate in the acetonitrile mobile phase was replaced by sodium acetate buffer (pH 4.6) and the effect of using an alternative buffer on alkaline earth selectivity was investigated. Peak splitting was once again observed at low buffer concentrations, however, increasing the sodium acetate buffer concentration to 62.5 mM (70% MeCN) eliminated the problem of peak splitting whilst still allowing a separation of Ca(II), Sr(II) and Ba(II). There was no difference in the alkaline earth metal selectivity observed with the sodium acetate buffer, i.e., Mg(II) and Ca(II) were still observed to co-elute over the range of buffer concentrations studied (data included with transition metal data in Table 4 ) and the retention factors for the alkaline earth metal ions were similar to those obtained with the ammonium acetate buffer.
Transition metals-organic solvent and buffer effects
A number of studies have been carried out on the ionexchange capacities of various forms of silica gel for divalent cations, including transition and heavy metal ions [25] [26] [27] [28] [29] [30] [31] [32] . In many cases, these investigations have studied relatively large particle size silica gels, and have not investigated high-performance phases for ion chromatographic separations. However, a number of studies have emerged using unmodified silica gels for ion chromatographic separations [14, 15, [17] [18] [19] [20] , in some cases including selected transition metal ions [16, 25] . In these studies, the retention, selectivity and efficiency exhibited, have been shown to be heavily influenced by the nature of the silica gel, including properties like metal content of the silica itself, and relative acidity of the silica surface.
Here, selectivity of the silica monolith for Cu(II), Fe(II), Cd(II), Ni(II), Co(II), Mn(II), Zn(II) and Pb(II) was investigated in MeCN based mobile phases, ranging again from 60 to 80% MeCN, buffered once more with varying concentrations of ammonium acetate-acetic acid (pH 4.6). To reduce potential column contamination from Fe(III), 1 mM ascorbic acid was also added to all mobile phases used to reduce Fe(III) to Fe(II). However, under the mobile phase and detections conditions used, the response for Fe(II) was very poor, eluting as only a small peak between Cu(II) and Cd(II). As with the alkaline earth metal ions, significant retention of each of the above metals was noted, with the retention order being Cu(II) < Fe(II) < Cd(II) < Ni(II) < Co(II) < Mn(II) < Pb(II) < Zn(II).
Interestingly, this retention order is quite different from those reported by others on bare silica gel columns. According to Iler [32] , the adsorption of transition metal ions on silica is due to interaction with active sites at the silica surface which act like ligands, and the specificity of adsorption is therefore related to the tendency of the metal atom to form covalent bonds. Schindler et al. [31] supports this theory having found that the ligand properties of surface silanol groups for transition metal ions (Fe(III), Cu(II), Cd(II) and Pb(II)) strongly correlate with known stability constants for corresponding metal-hydroxocomplexes. In fact, this stability data are in good agreement with selectivity reported in several papers [28, 30, 31] , where the following order of specificity of formation of covalent bonds with silica surface was observed for transition metals: Cd(II) < Ni(II) < Zn(II) < Co(II) < Cu(II) < Pb(II).
The use of bare silica particle columns for separation of Cu(II), Cd(II), Pb(II) and Tl(I) ions was also reported by Janos et al. [25] , who used sodium acetate, sodium tartrate and sodium hydroxybutyrate aqueous solutions of different pH and concentration. The authors found that selectivity of separation depends strongly on secondary complexation equilibria with organic acids from the eluents. Here, with the monolithic silica column, the mobile phase contained ammonium acetate and so both ammonium and acetate could affect observed selectivity through complexation. The most obvious deviations from the above data were firstly the retention of Cu(II), which was relatively low under all mobile phase conditions and was least affected by increasing the concentration of MeCN. Secondly, was the fact that Zn(II) was strongly retained under all conditions, only eluting under conditions of low MeCN (60%) and high buffer concentration. Even under such conditions, Zn(II) eluted as an excessively broad and tailed peak. This unusual selectivity and poor peak shapes for Zn(II), on similar silica monolithic columns (Merck Performance-Si) has been specifically noted in two previous studies, one where the silica monolith was modified with iminodiacetic acid [11, 12] , the second where the silica monolith was modified with 2,6-diaminohexanoic acid [33] . Obviously, the results here would indicate that the effects reported in the above two studies originate from the monolith backbone itself, rather than the attached functionalities. The unusual behaviour of Cu(II) could be due to the formation of Cu(II)-MeCN complexes, leading to reduced retention. This is supported by data [34] , which prove a specific solvation of Cu(II) ions by MeCN molecules. Table 3 shows the retention data as a function of % MeCN and buffer concentration, obtained from investigating 15 different mobile phase conditions. Clearly, as with alkaline earth metal ions, retention of transition metal ions can be drastically increased using high concentrations of MeCN within the mobile phase. In addition, the selectivity shown for each cation was sufficient to result in a number of possible separations. Overlaid chromatograms of individual standards are shown in Fig. 2, with Fig. 2(a) showing retention with a 70% MeCN mobile phase containing 15.6 mM ammonium acetate buffer (pH 4.6). Fig. 2(b) shows the retention of the same standards (Pb(II) and Zn(II) retained completely) with an 80% MeCN mobile phase, containing a 5.2 mM ammonium acetate buffer (pH 4.6), and although the chromatograms show some evidence of either peak fronting or tailing, baseline resolution of the cations was easily achieved.
Alternative solvents
Clearly, the above results suggested the nature of the organic solvent may have been an important factor in the observed selectivity. To investigate this further a brief study was undertaken using MeOH in place of MeCN. MeOH Flow rate = 1 mL/min, column temperature = 20 • C and post-column reaction detection with PAR monitored at 510 nm.
is known to form strong hydrogen bonds with the surface silanol groups and so it was expected that relative retention should be less in this case. In addition, the solvation of metal ions with MeOH molecules is different as compared with MeCN, and so this should also alter the observed selectivity. Mobile phases containing 60-90% MeOH were investigated, each containing varying amounts of ammonium-acetate buffer. The resultant retention data have been included in Table 3 for comparison with MeCN data. As can be seen from the tabulated data, under similar buffer concentration, retention times were generally significantly lower with the MeOH based mobile phases compared with MeCN. Exceptions to this observation were the retention of Zn(II), which was once more selectively retained, and the behaviour of Cu(II), which showed a rapid increase in retention under high MeOH concentrations, such that at 80 and 90% MeOH the retention order was now found to be Cd(II) < Ni(II) < Co(II) < Mn(II) Cu(II). These observations support the above assumption that selective Cu(II)-MeCN interactions are primarily responsible for the relatively low retention of Cu(II) with MeCN based mobile phases. Peak shapes for transition/heavy metal ions with the MeOH mobile phases were generally acceptable, with no signs of the peak splitting seen with the alkaline earth metal ions. Overall selectivity was also sufficient to achieve several useful separations of important metals. Fig. 3 shows some overlaid standard chromatograms, achieved using an (a) 60% MeOH, 21.1 mM ammonium acetate buffer mobile phase (pH 4.7), (b) 80% MeOH, 15.6 mM ammonium acetate buffer mobile phase (pH 4.7) and (c) a 90% MeOH, 5.1 mM ammonium acetate buffer mobile phase (pH 4.7).
Alternative buffers
Using the 80% acetonitrile mobile phase, the use of a sodium acetate buffer concentration over the range 10.3-41.2 mM (pH 4.6) was investigated and the effect on transition metal ion retention is shown in Table 4 . The retention of all the transition ions studied increased significantly when the sodium acetate buffer was employed. This difference in retention can be attributed to complex formation, which may occur with the ammonium in the MeCN/ammonium acetate buffer mobile phase, and hence, when the ammonium acetate was replaced with sodium acetate, an increase in transition metal ion retention at 60, Table 4 Retention data for alkaline earth and transition metal ions on a 10 cm bare silica monolithic column with MeCN based mobile phases containing varying amounts of sodium acetate buffer-(pH 4.6) Flow rate = 1 mL/min and column temperature = 20 • C. 70 and 80% was observed. In particular, the behaviour of Cu(II) was interesting, considering the small retention of Cu(II) observed to be using the ammonium acetate buffer. In contrast, with the sodium acetate buffer, the retention of Cu(II) was significant and affected strongly by increasing the buffer concentration, i.e., at 15.5 mM sodium acetate buffer concentration, Cu(II) eluted almost 4 min after Mn(II), however, at 41.2 mM, Cu(II) was observed to elute before both Co(II) and Mn(II). Therefore, an increase in the sodium acetate buffer concentration from 10.3 to 41.2 mM resulted in a change in retention order from Cd(II) < Ni(II) < Co(II) < Mn(II) Cu(II) Pb(II) to Cd(II) < Ni(II) < Cu(II) < Co(II) < Mn(II) < Pb(II), as shown in Fig. 2(c and d) . It is clear from this study and the previously results preformed using MeOH in place of acetonitrile in the mobile phase, that the retention of Cu(II) is affected by both the formation of Cu(II)-MeCN complexes and complexation with ammonium in the mobile phase. With the sodium acetate based mobile phase the optimum eluent conditions for the separation of the Cd(II), Ni(II), Co(II) and Mn(II) were found to be 80% acetonitrile containing 10.3 mM sodium acetate buffer (pH 4.6) (as in Fig. 2(c) ). However, the run time required for the separation of these four analytes was greater than 35 min and as a result, excessive retention of Cu(II) and especially Pb(II) was observed, whilst using 80% acetonitrile/10.3 mM ammonium acetate buffer, the separation of Cu(II), Cd(II), Ni(II), Co(II) and Mn(II) was possible in <20 min at 1 mL/min.
Using the sodium acetate buffer (as with the ammonium based mobile phase) there was still evidence of peak splitting for certain transition metal ions, especially at low buffer concentrations. For most cations this splitting was eliminated when using higher buffer concentrations, although was still present to a minor degree in some cases. Matching of the sample matrix with the mobile phase did affect the observed splitting effect to some degree but in an unpredictable manor, and is the subject of further investigation. In addition, the comparison of new and old silica monolithic columns was carried out to eliminate the possibility of column degradation being the reason for the observed splitting, and this comparison showed the effects to be reproducible between used and new columns.
pH effects
As with alkaline earth metals, it was found that the retention times of transition metal cations also varied considerably with mobile phase pH. Increasing mobile phase pH resulted in rapid increases in retention, such that when using an 80% MeCN mobile phase containing 10.3 mM of the ammonium acetate buffer at pH 5.6, the retention of Ni(II) was >1 h, and Co(II), Mn(II), Pb(II) and Zn(II) were all completely retained. Alternatively, it was noted that reducing pH resulted in a considerable reductions in retention, resulting in the virtual co-elution of Cd(II), Ni(II), Co(II) and Mn(II) when using the 80% MeCN mobile phase at pH 3.5, with all metal ions eluting between 3.7 and 3.8 min. Therefore, a study of pH effects from pH 3.5 to 5.6 (n = 5) using the 80% MeCN mobile phase was carried out and in general it was found that both retention and resolution improved with increasing mobile phase pH. These retention data are shown graphically as Fig. 4 . The graph shows most cations behave similarly, with the exception of Cu(II), which showed decreased retention at higher pH. Here, the explanation is thought to lie in the formation of ammino complexes with ammonium ions within the buffer under high pH conditions. Fig. 4 . Effect of mobile phase pH upon retention of transition metals on bare silica monolith using a mobile phase of 80% MeCN containing 10.3 mM ammonium acetate buffer, flow rate = 1 mL/min (at pH 5.6, Co(II) and Mn(II) were completely retained).
Flow rate effects
Obviously, a great deal of interest in monolithic columns for chromatographic purposes has been due to the potential for rapid separations. Here, using a mobile phase composition of 80% MeCN with 10.3 mM ammonium acetate (pH 4.6), the mobile phase flow rates were systematically increased from 1 to 5 mL/min. Optimal flow rate, in terms of measured peak efficiencies was found to be between 0.15 and 0.2 cm/s for most metals (corresponding to between ∼1.5 and 2.0 mL/min). At a flow rate velocity of 0.2 cm/s, the average efficiency (HETP) for the five metals shown was found to be 40 m, ranging from 25.9 to 57.8 m, equivalent to an average efficiency of ∼25,000 N/m (efficiency values calculated using peak widths measured at half height). Fig. 5 shows cation separations run at flow rates of 1 mL/min, 3 mL/min and 5 mL/min, using the mobile phase conditions used for the flow rate study described above. Resolution of the five transition metal cations shown was clearly very acceptable, with possibilities to improve the separation further through the use of complexing eluents or gradient separations. With the use of the elevated mobile phase flow rate, which could be increased to >5 mL/min without excessive backpressure if required, transition metal separations can be 
Conclusions
This study shows that bare silica monoliths can be used for efficient and practical separations of alkaline earth and transition metal cations, without surface modification, through the use of organic based mobile phases, in what can be best described as solvent enhanced ion chromatography. The organic nature of the mobile phase enhances the electrostatic interaction of the analyte ions and the fixed ion-exchange site, in this case the dissociated silanol groups, through reducing the associated number of waters of hydration. However, this effect is dependent upon the nature of the organic solvent and significant selectivity changes can be obtained through correct choice of solvent. The assumption that the observed retention is simply enhanced ion exchange is verified by the effects of both pH and buffer type and concentration, which are as expected for a simple ion-exchange system. Finally, the unique selectivity of Chromolith bare silica monolithic columns for Zn(II) and is worthy of further investigation.
